In the present work, various propellant compositions were prepared by incorporating strontium ferrite (SrFe12O19) in an ammonium perchlorate (AP), aluminium powder and hydroxyl-terminated polybutadiene (HTPB) based standard composite propellant. The compositions were then studied by assessing the effect of the SrFe12O19 content on the propellant slurry viscosity, and the mechanical and ballistic properties. The results showed that as the percentage of SrFe12O19 in the propellant was increased, the end of mix (EOM) slurry viscosity, tensile strength and E-modulus increased, while the elongation decreased. The ballistic properties data revealed that the burning rate of the propellant composition containing 1.0% SrFe12O19 was enhanced by around 15% (at 6.86 MPa) compared to the standard composition burning rate.
Introduction
Composite propellants are extensively used in defence as well as in satellite launch vehicles. They contain a polymeric fuel/binder (HTPB), an oxidizer (ammonium perchlorate, AP) and a metallic fuel (aluminium powder, Al) supplemented with other minor additives. A composite propellant's burning rate depends mainly on the oxidizer, burning rate modifiers and metallic fuel characteristics. Burning rate modifiers (mainly transition metal oxides and their complexes) are almost invariably used in all high burning rate propellant compositions for various reasons [1] [2] [3] [4] [5] . Furthermore, research is being carried out on the development of new types of ballistic modifier for composite propellants [6, 7] . Ferrites are industrially important compounds, consisting of a mixed of oxides of iron and one or more other metals [8, 9] . They have also been studied as possible burning rate modifiers for composite propellants. The catalytic effect of nickel and erbium ferrites on various oxidizers (potassium and sodium chlorates/perchlorates) was studied by Haralambous et al. [10] and were found to be effective in enhancing the thermal decomposition of the oxidizers used. Singh et al. [11] 
Srivastava et al. [13] have worked on the evaluation of nanoferrites in composite propellants and found that NiCuZnFe 2 O 4 was the most effective ferrite in AP thermal decomposition, as well as in enhancing the burning rate of composite propellants. Singh et al. [14] also explored the catalytic behaviour of Cd nanocrystals and CdFe 2 O 4 on composite solid propellants and found CdFe 2 O 4 to be better than Cd nanocrystals in increasing the composite propellant's burning rate. Singh et al. [15] synthesised and characterized nanoferrites of Mn, Co, Ni in the form of nanorod, nanosphere, and nanocube morphologies. They studied the catalytic effect of these nanoferrites on AP and found the order of effectiveness to be:
From a literature survey, it became obvious that ferrites are effective catalysts for enhancing the burning rate of composite propellants. However, detailed studies using ferrites in propellant compositions have not so far been carried out. Strontium ferrite, which has a magnetoplumbite structure with hexagonal symmetry, was chosen for the present study based on the hypothesis that it may also work as a burning rate modifier for composite propellants in a similar manner to the ferrites mentioned. This hypothesis was further supported by the following literature that shows the catalytic effect of strontium ferrite on several types of reactions, including fuel combustion. Bukhtiyarova et al. [16] investigated the catalytic combustion of methane on substituted strontium ferrite and found it was effective. Ji et al. [17] prepared porous strontium ferrite and evaluated its catalytic effectiveness for the combustion of toluene. Aziz et al. [18] studied solar photoactivity of strontium ferrite nanocomposite photocatalyst supported on titania. Sheshko et al. [19] carried out catalytic hydrogenation of carbon monoxide over nanostructured perovskite-like gadolinium and strontium ferrite. Liu et. al. [20] found strontium ferrite was effective in the microwave-induced catalytic application for the degradation of organic dyes. Shaula et al. [21] studied its application as a catalytic component (three-way) for car exhaust pollution control.
In the present paper, the characterization of strontium ferrite (SrFe 12 O 19 ) and its effect on various composite propellant properties is presented in detail.
Experimental

Materials
Bimodal AP (300 μm and 50 μm) was used in the composite propellant formulations studied. The 300 μm AP (average size) was received from M/s Pandian Chemicals Ltd., Cuddalore (India). A pin disc mill (ACM-10) was used to prepare 50 μm AP by grinding 300 μm AP. HTPB, having an average molecular weight of 2560 and hydroxyl number 41.8 mg KOH/g, was purchased from M/s Anabond Ltd., Chennai (India) and used without any processing. Aluminium powder (15 μm average particle size) was purchased from M/s The Metal Powder Company, Madurai (India) and also employed as received. SrFe 12 O 19 , toluene di-isocyanate (TDI), dioctyladipate (DOA), 1,4-butanediol (n-BD), trimethylolpropane (TMP) and N-phenyl-2-naphthylamine (antioxidant) were purchased on the open market and utilized without any processing.
Characterization
Material and phase identification analysis of SrFe 12 O 19 was performed on a Phillips PANalyticalX'pert pro powder X-ray diffractometer using Cu-K α radiation. A laser diffraction-based particle size analyser CILAS (model 1064L) was employed to analyse the average particle size of SrFe 12 O 19 . The propellant slurry EOM viscosity was determined with a Brookfield dial viscometer (model HBT). A Hounsfield universal testing machine (UTM) was used to evaluate the cured propellant's mechanical properties (tensile strength, E-modulus and percentage elongation) at a strain rate of 50 mm/min. A gas pycnometer was used to measure the density of AP, strontium ferrite and propellant samples. A Bundesanstalt fur Materialprufung (BAM) fall hammer instrument, OZM make (model No. BFH-10) with 2 kg drop weight, was used to study the impact sensitivity of the propellant compositions [22] . A BAM friction instrument (model No. FSKM-10) was used to study the friction sensitivity of the propellant compositions [23] . A laser flash method based instrument (Flashline-3000) of Anter Corporation, USA, was used to measure the thermal transport properties (conductivity, specific heat, etc.) of the studied propellants. A differential scanning calorimeter (DSC) of TA Instruments (model Q20) was utilized to perform the thermal decomposition study (at 10 °C/min heating rate). The calorimetric values (cal-val) of the propellant samples were measured employing a Parr isoperibol calorimeter (model 6200) under an N 2 atmosphere [24] . The acoustic emission technique was used to measure the solid strand burning rate (SSBR) of the studied propellants, employing an N 2 pressurized metal bomb. Compatibility studies were carried out on a vacuum stability tester (VST) of OZM (model STABIL) at 100 °C for 40 h.
Preparation of composite propellants
Mixing of the propellant compositions was performed in a 15 L vertical planetary mixer following set procedures [25] . The sequence of addition was as follows (with mixing after each incremental addition): binder (excluding TDI), antioxidant, catalyst, aluminium powder, AP (50 μm) and AP (300 μm). Maintaining the mix temperature at 40 ±2 °C, mixing of the composition was continued for 30 min under vacuum, and then TDI was added and mixing was continued for a further 40 min. The resultant propellant slurry was cast by the vacuum casting technique into a mould (100 mm inner diameter) and the mould was then kept in a water-jacketed oven for propellant curing for 5 days at 50 °C. Table 1 lists the composition details of all the propellant formulations prepared in the course of this study. By incorporating 0.25%, 0.50%, 0.75% and 1.0% of SrFe 12 O 19 into the standard propellant composition, four propellant compositions were processed. Two further propellant compositions were processed with 16% and 14% aluminium powder, both containing 0.5% SrFe 12 O 19 . A laser diffraction-based analyser CILAS (1064L) was used to analyse the particle size of SrFe 12 O 19 . The average particle size (surface mean diameter) of the powder was around 2.5 µm. The finer catalyst particles are desirable as it disperses homogeneously throughout the propellant matrix and also provides a large surface area for catalytic reactions.
FESEM was used to analyse the surface morphology of SrFe 12 O 19 . The image (Figure 2 ) infers that the particles of SrFe 12 O 19 are irregular in shape and nonagglomerated. Furthermore, the size of the particles as seen from this image fell in the range of 1-8 µm.
A BET specific surface area analyser was used to analyse the specific surface area of SrFe 12 O 19 using N 2 . The measured specific surface area of SrFe 12 O 19 was around 0.6 m 2 /g. A high specific surface area of the catalyst is desirable as it provides a large number of active sites for catalytic reactions. 
Ground AP (50 µm) characterization
The procured 300 µm AP was used to prepare 50 µm AP by grinding using a pin disc mill (ACM-10). The ground AP particle size was determined by employing the sieve analysis method using 150 and 200 No. British Standard (B.S.) test sieves and following the standard procedure [27] . The size distribution of the ground AP particles is presented in Table 3 . 
Viscosity, mechanical properties and density
The EOM viscosity, mechanical properties and density data of the compositions are listed in Table 4 . The EOM viscosity data indicated that as the overall average particle size of the fillers was decreased (by adding finer SrFe 12 O 19 or aluminium powder in place of coarser AP), the EOM of the propellant compositions increased. The data on the mechanical properties (Table 4) infer that as the percentage of SrFe 12 O 19 in a propellant composition (comp. 1-4) was increased, the tensile strength and E-modulus increased, although the elongation decreased, which is probably due to the enhancement of the dewetting strain of the propellant on addition of fine SrFe 12 O 19 in place of coarse AP particles in the propellant compositions. It is mentioned in the literature [28, 29] that when samples of filled polymer systems are subjected to a stress, a polymer system filled with coarse particles starts dewetting at a lower stress compared to a system containing fine particles. The dewetting of binder from particles involves the formation of vacuoles. The vacuoles will form at coarse particles in a binder at a lower elongation than at fine particles under the same loading conditions. Thus, the tensile strength increases as the fine particle content in the composite material increases.
The data on propellant density ( (comp. 4) . The impact height corresponding to 50% probability of a decomposition/explosion was taken as representative of impact sensitivity. The maximum load which did not result in any decomposition/explosion for six consecutive experiments was taken as a measure of the friction sensitivity of that composition. The results in Table 5 [30] . Furthermore, the differences between the friction sensitivity values of strontium ferrite based propellant compositions and the standard propellant composition were higher than the differences in the impact sensitivity values. It is also reported in the literature that for some burning rate modifiers, the impact value is not much affected by the presence of burning rate modifiers, but friction sensitivity values are affected significantly by the burning rate modifiers [30] .
Propellant sensitivity
Thermal transport properties
The thermal conductivity, diffusivity and specific heat of the propellant compositions were evaluated using a thermal apparatus based on flash laser [31, 32] . O 19 (in place of 1% AP) would have resulted in a 5% increase in thermal conductivity of the propellant, however, due to experimental errors, this was not reflected in the results [32] . 
Thermal decomposition of the propellants
The standard composition and the propellant compositions containing SrFe 12 O 19 were studied for their thermal decomposition behaviour employing DSC. Table 7 lists the peak temperature values of the endotherms and exotherms obtained during thermal analysis of the propellant compositions. The standard composition showed an endotherm at around 242 °C, attributed to a phase change (orthorhombic to cubic) of AP. A minor exothermic decomposition peak was observed at around 292 °C, mainly due to incomplete decomposition of AP. On further heating, a sharp exothermic decomposition peak (II exotherm) was observed at around 394 °C. This II exotherm is the peak which is affected significantly by the presence of SrFe 12 O 19 . As the percentage of SrFe 12 O 19 in the propellant composition was increased from 0.25% to 1.0%, the II exothermic peak shifted to lower temperatures, as reported in Table 7 . Thus, the thermal analysis infers that SrFe 12 O 19 catalyses significantly the propellant decomposition. The solid strand burning rate (SSBR) of the prepared propellant compositions was measured employing the acoustic emission technique [33] in an N 2 atmosphere at different pressures and temperatures and the data obtained are listed in Tables 8 and 9 . Table 8 gives the burning rate data of the studied propellant compositions at different pressures (3.92 MPa to 8.82 MPa) measured at an initial propellant temperature of 27 °C. The results infer that as the percentage of SrFe 12 O 19 in the propellant was increased at a constant Al content, the burning rate increased by 0.5%, then remained more or less constant; therefore concentrations beyond 1% SrFe 12 O 19 level were not studied. Table 8 also shows a 15% enhancement in the burning rate of the propellant composition having 1.0% SrFe 12 O 19 in comparison to the standard composition at 6.86 MPa. The SSBR of the compositions is enhanced with a decrease in Al content at a constant SrFe 12 O 19 content (0.5%), as seen in the burning rate data for comp. 2, 5 and 6. This behaviour is due to the fact that Al particles burn away from the propellant burning surface and transfer little heat to the regressing surfaces. A reduction in the Al content increases the AP content, which increases the burning rate.
Ballistic properties
In Furthermore, the pressure exponent (n-value) of the propellant compositions was calculated using the burning rate at several pressures and the results obtained are listed in Table 8 . The pressure exponent value of the standard composition was 0.41. This changed marginally upon incorporation of SrFe 12 O 19 in the standard composition.
In order to ascertain the effect of the initial propellant temperature on the burning rate, this was measured at different initial temperatures at 6.86 MPa. Table 9 lists the burning rate data at 5 °C, 27 °C and 55 °C initial temperatures and at 6.86 MPa pressure. As expected, all of the compositions showed an increase in burning rate as the initial propellant temperature was increased.
Combustion of a composite propellant is a complex phenomenon. At present, the catalyzed composite propellant combustion mechanism is not clearly understood. However, a few theories have been postulated [35, 36] to understand how catalysts affect the combustion of a composite propellant. In the case of a composite propellant catalyzed by Fe 2 O 3 , Ni 2 O 3 , Co 2 O 3 , etc., the most acceptable mechanism is the enhancement of electron transfer activity through the redox cycle, due to the variable valence nature of these oxides. For strontium ferrite, which contains two metallic elements (strontium and iron), the catalytic mechanism is very difficult to predict. However, the above-mentioned mechanism involving iron oxide may be the one most applicable in strontium ferrite catalyzed composite propellant combustion. In addition, there may be lattice defects in the SrFe 12 
Analysis of propellant combustion residues
To understand the catalytic behaviour of SrFe 12 O 19 in composite propellant combustion, the standard propellant sample as well as the propellant samples containing SrFe 12 O 19 were subjected to combustion residue analysis. The residue was collected from the bomb calorimeter after burning the propellant sample and was analyzed for the presence of crystalline phases using XRD. The resultant XRD patterns of the analyzed samples are shown in Figure 3 . Table 10 lists the chemical compounds predominantly present in the residues and their XRD peak positions. These were obtained by matching the XRDs of the propellant combustion residues (Figure 3) with the standard XRD library using Xpert HighScore XRD software. 
Compatibility study of strontium ferrite based propellant formulations
The compatibility of strontium ferrite with other composite propellant ingredients was studied using a vacuum stability tester (VST). The standard composite propellant and the propellant based on strontium ferrite (comp. 4) were heated separately under vacuum at 100 °C for 40 h in glass test tubes and the gas evolved by each sample was measured. The volume of gas evolved from the standard composite propellant and the propellant based on strontium ferrite (comp. 4) was 0.093 cm 3 /g and 0.113 cm 3 /g, respectively. The above results show that SrFe 12 O 19 is compatible with all of the other raw materials of the standard propellant composition, since the evolved gas is comparable in both cases and also well below the 2 cm 3 /g limit for incompatibility, as per MIL-STD-286C [37, 38] .
Conclusions
Strontium ferrite was incorporated in an 86% solid loading composite propellant formulation. The EOM viscosity of the standard composition propellant slurry was 670 Pa·s, which upon incorporation of SrFe 12 
